Introduction
Several non-enveloped cytoplasmic viruses, ranging from 55 to 70 nm in diameter and having an icosahedral shape, have been reported which infect crabs and shrimp (Hukuara & Bonami, 1991) . From their ultrastructural characteristics they appeared to be closely related to the Reoviridae family. On the basis of their morphogenesis and tissue location they were arbitrarily separated into three phenotypes Hukuara & Bonami, 1991) : those which form paracrystalline arrays of particles and develop in connective tissue or haemocytes (type I), those which form 'rosettes' of particles and develop in the same types of tissues (type II), and those which develop in digestive cells giving only occasional paracrystalline arrangements (type III). The P virus, pathogenic to the Mediterranean swimming crab Macropipus depurator belongs to phenotype I, whereas W2 virus, pathogenic to the shore crab Carcinus mediterraneus belongs to phenotype II.
These two viruses have been sufficiently characterized to be proposed as members of the Reoviridae family on the basis of their multisegmented dsRNA genome (Mari, 1987; Marl & Bonami, 1987 , 1988 Hukuara & Bonami, 1991) . They have been described as sharing characteristics common to reoviruses such as identical target tissues, serological relatedness, similar polypeptide patterns in SDS-PAGE, and closely related genomic dsRNA patterns in agarose gel electrophoresis. Surprisingly, they exhibit a high specificty for their host, i.e. a Ptype virus has never been found in C. mediterraneus and conversely a W-type virus has never been found in M. depurator, and attempts to grow each virus in the other host were unsuccessful. We report here results of further investigations on the characterization and genomic structure of these viruses.
Methods
Animals and experimental disease. Experimentally infected natural hosts were used to propagate these viruses. M. depurator crabs were caught on the sub-shore near Gruissan (France) and C. mediterraneus came from Palavas-les-Flots (France). They were maintained in 50 1 tanks of aerated sea water and fed twice a week with mussels. The animals were inoculated using a tuberculin syringe with 0.2 ml of a clarified suspension of infected and previously frozen crab tissue [1 g of hepatopancreas showing obvious P virus infection in transmission electron microscopy (TEM) was homogenized in 10 ml of TN buffer (0.02 M-Tris-HC1, 0.4 M-NaC1, pH 7-4) and centrifuged at 1000 g for 15 mini. The injection was done at the base joint of the fifth pereiopod.
Virus purifications. W2 virus purification from infected C. mediterraneus was done according to Marl & Bonami (1988) . For P virus purification, hepatopancreata and gills of infected M. depurator were homogenized in TN buffer at 4 °C using a Potter tissue blender. After centrifugation for 15 min at 3000 r.p.m. (Beckman J2-21 centrifuge, JS 13.1 rotor), virions were pelleted for 45min at 28000r.p.m. (Beckman L7-55 ultracentifuge, SW 28.1 rotor) and resuspended in TN buffer before being layered onto a 20 to 40 % (w/w) sucrose gradient in TN buffer and centrifuged for 1 h at 28 000 r.p.m. Fractions were collected using an Autodensiflow gradient fractionator (Buchler) and analysed with an ISCO UA5 u.v. monitor operating at 254 nm wavelength. The viral fraction recovered was diluted in TN buffer and centrifuged for 1.5 h at 28000 r.p.m. The resuspended pellet was then layered onto a preformed 23 to 44 % (w/w in TN buffer) CsCI density gradient and centrifuged for 15 h at 28000 r.p.m. (Beckman SW 28.1 rotor). Fractions from the CsC1 gradient were collected in the same way as the sucrose gradient and the absorbance was recorded. Viral fractions were diluted in TN buffer, pelleted for 1.5 h at 28000 r.p.m. and resuspended in TN buffer.
Virus density. The buoyant density of the virus was determined by measurement of the refractive index of the CsCI solution using the first 0001o1466 © 1993 SGM three drops of each collected fraction. Runs were similar to those used for the virus purification, except that the buffer used to prepare the 23 to 44 % CsC1 gradient was 0.001 M-PBS, in place of the usual TN buffer which affects the refractive index values.
Protein~nucleic acid analysis. The absorbance of P virus suspensions was recorded between 220 and 320 nm wavelength. The amounts of proteins and nucleic acid were estimated according to the procedure of Layne (1957) . The quantity of virus obtained was also estimated according to the formula: 5.42 absorbance units at 260rim are equivalent to 1 mg of reovirus (Smith et al., 1969) .
Nucleic acid extraction. Purified particles resuspended in 0"1 x TE buffer (Sambrook et al., 1989) were treated with proteinase K at a final concentration of 50 gg/ml for 1 h at 37 °C, then with sarkosyl at a final concentration of 5 gg/ml for 2 h at 60 °C. Nucleic acid was extracted with phenol-chloroform as described by Sambrook et al. (1989) and was precipitated overnight with ethanol at -30 °C. The final dried pellet was resuspended in 0.1 x TE buffer.
Gel electrophoresis analysis of the genomic RNA. Electrophoresis was performed in 1% agarose gels in TBE buffer with ethidium bromide (Sambrook et al., 1989) . HindIII and EcoRI-HindIII phage 2 digests were used as size markers.
Electrophoresis was also done in 4.5, 8 and 10 % polyacrylamide gels in TBE buffer at a constant 100 V. Gels were stained with ethidium bromide after electrophoresis and were observed with a u.v.-transilluminator. Purified RNAs from reovirus type III (ReoIII) Dearing strain and cytoplasmic polyhedrosis virus (CPV) type I from Bombyx mori were used as size markers. Before PAGE, P and W2 viral RNA suspensions were heated for 2 min at 65 °C. To determine the sizes of the genomic RNA segments of P and W2 viruses, a semilogarithmic plot of M r versus relative mobility was constructed using published values for the dsRNAs of ReolII (Ramig et al., 1977) and CPV (Fuji-Kawata et al., 1970) . More recent data obtained after sequencing of the segments of ReoIII (Tyler & Fields, 1986) were also used to improve the precision of our own results.
Electron microscopy. Purified virus suspensions were negatively stained on carbon-collodion-coated grids with 2 % phosphotungstate (PTA) pH 7. Extracted molecules of nucleic acid were spread onto carbon-coated grids according to the modified procedure of Davies et al. (1971) and were rotationally shadowed with platinum-palladium. Tobacco mosaic virus was used as an internal standard for particle size measurement. ~bX174 replicative form circular DNA was used as internal standard for the length measurement of RNA molecules, using a Kurta digitizer connected to a microcomputer. A correction factor of 1-15 was used for calculation of the length of dsRNA from that of dsDNA molecules (Rixon et al., 1984) . All observations were made with a Hitachi HU11C transmission electron microscope operating at 75 kV.
Results

P virus purification
The quality of the purification was estimated by TEM after negative staining of the final virus suspension. For full particles, the density of P virus was estimated to be 1.405+0.005g/ml by measurement (n= 12) of the refractive indices of the different fractions (Fig. 1) . Starting with hepatopancreata and gills from six crabs the amount of virus obtained for our experiments was estimated by spectrophotometry (Layne, 1957) to be 140 to 190 gg, confirmed by the empirical formula for reovirus (Smith et al., 1969) yielding 150 to 180 gg, i.e. about 1.69 x 1012 to 2"0 × lO 12 particles.
Ultrastructure of purified P virions
The majority of the negatively stained, purified P virions (Fig. 2 a) were paraspherical in shape and 64" 10 + 2.45 nm in diameter. Some exhibited a more angular profile, particularly the empty particles, where the electron-dense central area appeared icosahedral (Fig. 2b) , with an average length of 45 nm from point to point.
Capsomer-like structures, 9 to 11 nm in diameter, were distinguishable at the periphery of the particles (Fig. 2 c) . This was confirmed by the rotational (n --5) enhancement of the picture (Fig. 3 d) . Pentamer and hexamer organization of these structures was clearly evident in some particles (Fig. 3) . Each capsomer was formed of six subunits 5 nm in diameter arranged around a central hole 3 nm in diameter.
In some preparations, naturally degraded particles exhibiting different stages of disruption released capsid subunit aggregates (corresponding to spherical structures), 34 nm in diameter (Fig. 4a, b, c) . Some empty particles showed two layers forming the capsid, 11 nm thick, but these two shells (Fig. 4) appear to depend on the degree of disruption of the particles. The rotational (n = 5) enhancement of the pictures revealed five capsomers surrounding a central one (Fig. 4d) .
Even though the double-layered capsid was obvious in some empty particles, the external shell (5 nm thick surrounding the core, about 45 nm in diameter) was clearly visible when fragments of the external layer were still present, but these capsids degraded naturally when the outer shell was removed (Fig. 4e ). Therefore we were not able to visualize and purify single-layered nucleocapsids or cores.
Nucleic acid content of P virus
The percentage of nucleic acid was estimated by spectrophotometry to be 15 % (Layne, 1957) . A value of 21% was previously reported by Bonami (1980) for the P virus, and the percentage of nucleic acid was determined to be 15 % for W2 virus (Mari, 1987) . So, a value between 15 and 21% of RNA per viral particle appears likely to be correct and is in agreement with general data reported for the Reoviridae family (Francki et al., 1991) .
Characterization of the genomic structure of P and W2 viruses
Using 1% agarose gel electrophoresis, nine and 11 dsRNA segments were found in W2 and P virus, respectively (data not shown). PAGE was then employed using different migration times and acrylamide concentrations: 4"5 % for 15 h, 8 % for 24 h and 10 % for 24 to 30 h, at a constant 100 V. The genome of P virus was easily resolved as 12 fractions using 4"5, 8 or 10% acrylamide gels. Resolution was more difficult with W2 virus; in 8 % (24 h) or 10 % (30 h) gels (Fig. 5 a, b) , 11 bands were found, but some appeared as double bands that resolved into two under other migration conditions.
Using ReoIII and CPV dsRNA as M~ markers, the 12 segments demonstrated an identical distribution (1/5/6) for these two viruses, characterized by one large fragment (L1), five medium sized fragments (MI to M5) and six small fragments ($1 to $6).
Using size values obtained after sequencing the RNA segments of the ReoIII virus (Schiff & Fields, 1990) , the sizes of the 12 segments of P virus dsRNA genome coelectrophoresed in 10% polyacrylamide gel were estimated to be 3"9, 2.8, 2.6, 2.3, 2"1, 2.0, 1.45, 1"20, 1.15, 1.11, 1.08 and 1.04 kbp. The values for W2 virus were found to be 3.8, 2.8, 2.7, 2.4, 2.3, 2.3, 1.70, 1.50, 1-25, 1"12, 1.10 and 1.08 kbp (Fig. 5a) .
The length of the circular dsDNA molecule of ~bX174DNA was found to be 1.8115±0.0724gm (n = 39) using TEM. On a similar grid, 779 segments of P virus dsRNA were measured in different fields. The data were converted into kbp, assuming that ~bX174 D N A was 5386 bp. For the viral dsRNA we used a correction factor of 1.15 as determined for ReoIII (Rixon et al., 1984) , instead of 1.19 as determined by Miiller & Nitschke (1987) .
A histogram of the size distribution was drawn (Fig.  6) , and the molecular size expressed in kbp was calculated for each segment. Furthermore, using the sizes of the P virus dsRNA segments estimated by 10 % P A G E and the average length of each segment, the increase per base pair was established; the results indicate a small difference between the mean value of M and S segments, 0"314 and 0-298 nm respectively. As we obtained a base pair distance of 0.336 nm for ~bX174, the ratio of the number of base pairs per unit length in dsRNA and D N A was found to be 1"07/1 and 1.13/1 for the M and S classes, respectively. Because the interpretation of the length of the L1 segment from the results of P A G E was difficult (see Fig. 5a , b) we did not determine the base IP: 54.70.40.11
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Reoviruses pathogenic for marine crustacea pair distance for this segment. All the sizes of the 12 d s R N A P virus segments were also estimated using the mean value of our own results from M and S classes: 0"305 nm, i.e. a correction factor of 1.10 should be applied if the length of the dsRNA is determined by comparison with a dsDNA marker. (Taylor et al., 1985) .
Values obtained using our own data, i.e. an average base pair distance of 0-305 nm, or a mean correction factor of 1-10.
the results obtained by electrophoresis and length measurement.
Discussion
Using negative staining the P virus was found to exhibit features identical to those described earlier (Bonami, 1973 (Bonami, , 1980 Bonami et al., 1976) , i.e. a diameter of about 64 nm, an icosahedral symmetry and a double layered capsid surrounding an hexagonally shaped dense area. Compared to W2 virus, which is 65 to 70 nm in diameter (Mari & Bonami, 1988) , P virus is a little smaller, but W2 virus appears more angular in shape.
The buoyant density value for P virus was previously reported to be 1.29 g/ml in a CsC1 gradient (Bonami, 1980) , but now we have obtained a density value of 1.40 g/ml for P virus. To date however we have no real explanation for this difference. The value of 1.40 for P virus is close to the value (1.39) obtained for W2 virus (Mari, 1987; Mari & Bonami, 1988) .
PAGE of the dsRNA genomes has demonstrated the presence of 12 fragments for each virus. Only nine and 11 bands were separated by agarose gel electrophoresis for W2 and P virus, respectively (Marl, 1987; Mari & Bonami, 1988) .
The histogram of the size distribution of the P virus dsRNA segments indicates the presence of three size classes (L, M and S) forming the viral genome. The mean value for the increase per base pair in the dsRNA was determined to be 0.298 nm for the S class segments (using only one spreading condition), a little higher than the value (0-279 to 0"280 nm) obtained by Taylor et al. (1985) using the small segments (7 to 9) of the bovine rotavirus RNA and the value (0"267 to 0.271 nm) determined by Mtiller & Nitschke (1987) . Using larger segments (M class), we obtained the value of 0.314 nm. Only sequencing of these fragments will resolve these discrepancies.
A genome of 10 to 12 segments of dsRNA is characteristic of members of the Reoviridae family (Joklik, 1983) . So far, this family has been subdivided into nine genera plus some other ungrouped members (Francki et al., 1991) ; the viruses within each genus differ in the number and sizes of their dsRNA segments (Tyler & Fields, 1986) . Only the members of the genera phytoreovirus and coltivirus possess 12 segments (Francki et al., 1991) . The genus phytoreovirus, as its name suggests, includes only plant viruses with insect vectors and coltiviruses include vertebrate and insect host viruses. Electrophoretic patterns of the Reoviridae genomic segments show a 3/3/4 distribution for the genus orthoreovirus (Ramig et al., 1977) , a 4/2/4 distribution for the genus cypovirus (Fuji-Kawata et al., 1970) , a 4/2/3/2 distribution for type A rotaviruses (Eiden & Allen, 1992) , a 4/6/2 distribution for the coltiviruses (Knudson, 1981) , and a 3/3/6 and a 3/3/5 distribution for the phytoreoviruses and the aquareoviruses, respectively (Winton et al., 1987; Samal et al., 1991) .
On the basis of having a genome of 12 linear dsRNA segments and their morphology, the P and W2 viruses can be proposed to be members of the Reoviridae family, and they appear very similar to phytoreoviruses and coltiviruses. Because of their natural hosts and the unusual distribution of their dsRNA segments (1/5/6), they could constitute a new genus in the Reoviridae family.
Alternatively, P virus and W2 virus could constitute a subgroup of the aquareoviruses. In fact, the plant reoviruses are subdivided into three genera, i.e. subgroup 1 (phytoreovirus), subgroup 2 (fijivirus) and subgroup 3 (possible genus) as reported in Francki et al. (1991) . We suggest dividing the genus aquareovirus into two subgroups, the first one comprising the viruses that are able to grow on fish cell lines and which possess 11 dsRNA segments (representing the aquareovirus genus), the second containing at least the P and W2 viruses, with a dsRNA genome of 12 segments, the inability to grow on fish cell lines and high pathogenicity for their aquatic (marine) hosts.
